Background. Antiretroviral preexposure prophylaxis (PrEP), using daily oral combination tenofovir disoproxil fumarate plus emtricitabine, is an effective human immunodeficiency virus (HIV) prevention strategy for populations at high risk of HIV acquisition. Although the primary mode of action for the protective effect of PrEP is probably direct antiviral activity, nonhuman primate studies suggest that PrEP may also allow for development of HIV-specific immune responses, hypothesized to result from aborted HIV infections providing a source of immunologic priming. We sought to evaluate whether PrEP affects the development of HIV-specific immune response in humans.
Methods and Results. Within a PrEP clinical trial among high-risk heterosexual African men and women, we detected HIV-specific CD4 + and CD8 + peripheral blood T-cell responses in 10%-20% of 247 subjects evaluated. The response rate and magnitude of T-cell responses did not vary significantly between those assigned PrEP versus placebo, and no significant difference between those assigned PrEP and placebo was observed in measures of innate immune function.
Conclusions. We found no evidence to support the hypothesis that PrEP alters either the frequency or magnitude of HIV-specific immune responses in HIV-1-exposed seronegative individuals. These results suggest that PrEP is unlikely to serve as an immunologic prime to aid protection by a putative HIV vaccine.
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More than 30 years into the global human immunodeficiency virus (HIV) epidemic, novel HIV prevention strategies are still being sought, particularly interventions that would reduce HIV susceptibility and impart long-term immune protection. Four randomized, placebo-controlled clinical trials, conducted among diverse geographic and at-risk populations, demonstrated that HIV-uninfected persons taking a daily oral antiretroviral as preexposure prophylaxis (PrEP), tenofovir either alone or coformulated with emtricitabine, are at substantially reduced risk of HIV acquisition [1] [2] [3] [4] . Although the primary mechanism of protection afforded by PrEP is thought to be through direct antiviral activity, it has been hypothesized that, by blocking initial viral replication, PrEP might permit enhanced presentation of HIV to the immune system and the subsequent development of HIV-specific adaptive immune responses. This hypothesis has been supported by 2 nonhuman primate studies, which reported the presence of HIV-specific T-cell responses in a majority of animals that received PrEP before virus exposure [5, 6] .
The potential effect of PrEP on the development of HIV-specific immune responses in humans has not been explored but is a priority question as PrEP is implemented. Efficacy trials of prophylactic HIV vaccines enroll subjects at high risk of HIV acquisition and provide a package of effective prevention services, which will probably include PrEP in future trials. Thus, the question of whether PrEP modifies immune responses is particularly significant, because preexisting or "natural" immunity could alter the efficacy of the vaccine.
Given the potential for PrEP to support selection of HIVspecific immune responses, as well as to influence the outcomes of immune responses to HIV vaccines, we assessed whether PrEP allows for enhanced development of HIV-specific T cells among 247 HIV-seronegative partners in HIV-serodiscordant couples participating in an efficacy trial of PrEP for HIV prevention. Randomization to PrEP or placebo in the trial permitted a direct comparison of the effect of PrEP on inducing HIV-specific CD4 + and CD8 + T-cell and natural killer (NK)
cell responses in these HIV-1-exposed seronegative (HESN) individuals. Furthermore, we extensively characterized T-cell, NK cell, and dendritic cell (DC) phenotypes to evaluate whether their frequency, activation, or maturation status were modified by PrEP. Our study, conducted on a large cohort of subjects selected for their high exposure to HIV, provides an extensive characterization of the effects of PrEP on HIV-specific immunity.
METHODS

Study Participants
Cryopreserved peripheral blood mononuclear cells (PBMCs) and autologous serum were obtained from 247 HESN individuals participating in the Partners PrEP Study (ClinicalTrials.gov identifier NCT00557245), a randomized, placebo-controlled clinical trial of daily oral PrEP among 4747 HIV-uninfected members of heterosexual HIV-serodiscordant couples from Kenya and Uganda [3] . For the present study, samples were selected from HIV-uninfected partners (half assigned placebo, half assigned tenofovir/emtricitabine PrEP) at a study visit 12 months after trial enrollment. Additional selection criteria included: (1) no evidence of HIV acquisition at month 12 [7] ; (2) 
Measurement of Plasma Tenofovir Levels
Plasma tenofovir concentrations were quantified using an ultraperformance liquid chromatographic-tandem mass spectrometric method validated according to Food and Drug Administration Bioanalytical Method Validation Guidelines, with a lower limit of quantitation of 0.31 ng/mL, as described elsewhere [4] .
Statistical Methods
A sample size of approximately 224 persons (half PrEP, half placebo) was selected to provide 80% statistical power to detect a 25% response rate in those receiving PrEP, compared with 10% for placebo, based on an expected frequency of HIV-specific immune responses of approximately 10% seen in other HESN cohorts. If responses in those receiving PrEP were to be as high as had been seen in animal model studies of PrEP (eg, >50%), statistical power would be >90%. To classify HIV-specific responses in T cells and NK cells, we compared the proportion of cells positive for cytokines and other immunologic parameters in HIV-peptide-stimulated wells to the proportion positive in the negative control using MIMOSA (Mixture Models for Single-Cell Assays) [11] . To compare the frequency of responses to any HIV-peptide among PrEP participants versus placebo, odds ratios were estimated using generalized estimating equations to account for correlation in responses to peptides within a participant. The frequency of individuals responding to each individual peptide was compared across arms with standard logistic regression. To compare the breadth of peptides recognized, we considered those tested for ≥2 peptides and tested for differences in the distribution of number of peptides recognized (1, 2, or 3). To account for variation in number of peptides tested for each sample (2 vs 3), we used a permutation test with 10 000
repetitions of the χ 2 test. The magnitude of HIV-specific responses was estimated as the percentage of cells positive for each parameter, and we tested for differences between PrEP and placebo with the Wilcoxon rank sum test. Similarly, the percentage of cells expressing each phenotype was compared across arms with the Wilcoxon rank sum test.
RESULTS
Study Participants
Participants are from the Partners PrEP Study, in which PrEP demonstrated high efficacy for HIV prevention [3] . Tenofovir was detectable in serum obtained concurrently with the PBMCs for 107 of 120 active arm participants (89%), confirming high adherence to PrEP. Demographic and clinical characteristics were comparable between those who had received PrEP and those receiving placebo ( Table 1) .
Effect of PrEP on HIV-Driven Cytokine Production by T Cells
CD8 + T cells have been detected in a fraction of HESN persons
in various cohorts [12] [13] [14] [15] [16] [17] [18] and a robust HIV-specific CD8 + Tcell response is thought to be a key component in controlling viremia after acute infection and the maintenance of a low viral load in a subset of HIV-infected subjects known as "elite controllers" [19, 20] . PrEP and placebo recipients, respectively, for IFN-γ and CD107a to indicate positivity (P = .53); when IFN-γ and TNF-α were used, 50.4% and 51.3% of individuals, respectively, had an HIV-specific CD8 + T-cell response (P = .73; Table 2 ).
The frequencies of responses to individual Gag, Env, and Tat pools were similar in PrEP and placebo recipients. If a CD8 + T-cell response was alternatively defined as production of IFN-γ and macrophage inflammatory protein (MIP) 1β, or production of the single markers IFN-γ, TNF-α, MIP-1β, and CD107a, no significant difference was observed between the 2 groups (data not shown).
We next examined the magnitude of the responses by calculating the percentage of cells positive for the measured parameters among responders (as determined by the combined IFN-γ and CD107a positivity criterion). We first confirmed that the difference in response to dimethyl sulfoxide between the 2 arms was not statistically significant. The magnitude of IFN-γ and CD107a double positive responses was comparable in the PrEP and placebo groups; the median responses were 0.30 (interquartile range, 0.10-0.65) and 0.11 (0.06-0.37) in PrEP and placebo recipients, respectively, on ex vivo stimulation with Gag (P = .20), 0.22 (0.08-0.43) and 0.13 (0.06-0.18), respectively, with Env (P = .33), and 0.10 (0.05-0.26) and 0.06 (0.04-0.26), respectively, with Tat (P = .69) ( Figure 1A) . We compared the magnitude of the responses for different marker combinations (IFN-γ and TNF-α double positive and IFN-γ and MIP-1β double positive), as well as for single markers, and we did not observe any differences between PrEP and placebo groups (data not shown). Finally, we determined the breadth of the responses by evaluating the number of samples responding to 2 or 3 of the peptide pools tested. We did not detect any difference between PrEP and placebo groups (P = .56; data not shown).
A similar analysis was performed to examine HIV-specific CD4 + T-cell responses in the PrEP compared with placebo recipients. We defined a positive CD4 + T-cell response as dually-producing IFN-γ and TNF-α. Responses recognizing any HIV-peptide pool were detected in 8.7% of PrEP and 9.6% of placebo recipients (P = .62). When responses induced by each peptide pool were examined, we observed the highest frequency of responses to Gag (7.0% for both PrEP and placebo; P = .99), followed by Env (3.7% and 6.3% for PrEP and placebo; P = .37), and Tat (2.2% and 5.5%; P = .24) ( 
Effect of PrEP on Peripheral Blood T-Cell Phenotype
We next assessed whether exposure to PrEP modifies peripheral blood T-cell frequency or phenotypic characteristics. We focused on the frequency of CD4 + T cells and their activation status, a prerequisite for viral replication [21] . Percentages of total CD4 + T cells were comparable in the 2 groups (62.3% in PrEP, 61.0% in placebo; P = .36) (Figure 2A (Figure 2A ). In addition, and in a similar fashion, we examined the Figure 2B ). We reported elsewhere that in a subset of HESN individuals, regulatory T-cell (Treg) suppressive capacity in response to HIV is reduced, possibly allowing for a more efficient virus-specific immune response [24] . To determine whether Treg function was altered by PrEP, we quantified Treg frequency from the 2 study arms, together with the known Treg function and activation markers inducible T-cell costimulator ICOS, CD39, CTLA4, and Ki67. No significant differences were observed between PrEP and placebo groups in the frequency of Tregs, nor in their expression of activation or maturation markers [25] ( Figure 2C and data not shown) . Thus, we conclude that PrEP does not induce changes in CD8 + T cells, nor in conventional or Treg CD4 + T-cells.
Effect of PrEP on NK Cells and Antigen-Presenting Cells
NK cells expand early after HIV infection, control the initial viral replication, and shape the quality of the subsequent adaptive immune response by producing specific cytokines [26, 27] . We identified NK cell responses based on IFN-γ production and degranulation (CD107a + ) in the presence of HIV-peptide pools and autologous serum. We detected a response to ≥1 peptide pools in 12.6% of PrEP and placebo samples. Among all responses, 8.3% were to Gag (8.8% and 7.9% for PrEP and placebo, respectively), 11.5% to Env (14.0% and 9.2% for PrEP and placebo, respectively), and 6.0% to Tat (4.3% and 7.9% for PrEP and placebo, respectively); none of the response rates differed significantly between PrEP and placebo recipients ( Table 2) . Furthermore, the median magnitudes of the responses for NK cells that did not receive further ex vivo stimulation were 0.27% and 0.31% in the PrEP and placebo group, respectively (P = .77) (data not shown), thus indicating that overall NK cell activity, in addition to HIV-specific activity, did not differ between treatment groups. In addition to assessing NK cell cytokine production, we examined the phenotypes of NK cells in PrEP and placebo recipients. NK cells can be divided into 3 subsets [28] : the CD56 [29] . PrEP did not affect the distribution of NK cells in these subsets; in fact, the frequencies of NK cells with a cytolytic function (CD56 dim CD16 + ) were 67.5% and 67.6% of total NK cells (P = .97), the cytokine-secreting NK cells (CD56 hi ) were 3.4% and 3.9% of total NK cells (P = .30), and exhausted NK cells (CD56 lo CD16 + ) were 13.5% and 11.5% of total NK cells (P = .20) in PrEP and placebo groups, respectively ( Figure 3A) . We next quantified the expression of the inhibitory receptors CD158a, CD158b, and NKB1, the natural cytotoxicity receptors NKp30 and NKp46, and the lectinlike receptors NKG2A, NKG2C and CD94. Furthermore, we monitored the fraction of NK cells expressing the maturation marker CD57 and the senescence marker Siglec-7. For each of the markers, we measured expression in all NK cells as well as in the 3 functional fractions described above, and found no differences in expression in recipients of PrEP versus placebo (Supplementary  Table 1 and data not shown). Finally, we quantified the CD19 + B-cell frequency in samples from the PrEP and placebo groups and found no significant differences ( Figure 3B) .
Finally, because DCs are crucial in the initial stages of antiviral immune response generation [30] , we quantified plasmacytoid (CD123 + ) and myeloid (CD11c + ) DC frequency and activation by measuring the expression of CD40 and CD86. PrEP exposure did not modify DC frequency or activation (Figure 3B) . Among myeloid DCs, 50.1% and 50.2% expressed the activation marker CD40 (P = .94), and 70.6% and 71.7% expressed CD86 (P = .57), in PrEP and placebo respectively; among plasmacytoid DCs, 51.2% and 49.7% expressed CD40 (P = .70) and 15.9% and 17.2% expressed CD86 (P = .48) (data not shown). Therefore, we demonstrated that PrEP does not modify NK cell subset distribution and phenotype, B-cell frequency, or DC frequency and activation.
DISCUSSION
The hypothesized mechanism by which PrEP prevents infection is by direct antiviral inhibition of HIV replication, likely at very early stages. However, based on nonhuman challenge studies, PrEP has been hypothesized to also potentially permit the formation of HIV-specific memory responses, which could augment the antiviral protective effects of PrEP, if observed in humans [5, 6] . This phenomenon, which has been described as "chemo-vaccination," might allow for the continuation of protection even in the absence of the PrEP medication, as would occur during treatment interruption or cessation. In the present study, we performed a comprehensive evaluation of the relationship between exposure to PrEP and HIV-specific T-cell responses and innate responses. We found no evidence to support the hypothesis that PrEP enhances immune responses against HIV. To our knowledge, this is the first study to assess the relationship between PrEP and development of HIV-specific immune responses in humans, as well as the effect of PrEP on CD4 + and CD8 + T-cell maturation and activation.
Our primary measure of HIV-specific immune response was CD8 + T-cell cytokine production and degranulation in response to HIV-peptides in subjects who received either PrEP or placebo for a year. To maximize the frequency of immune responses and the power of the study, we selected both PrEP and placebo recipients with the highest viral exposure, calculated by applying a published method to estimate the risk score for serodiscordant couples [8] . We did not observe any change in the frequency, magnitude, or breath of the CD8 + T-cell response induced by PrEP, nor did we see differences in the CD8 + T-cell phenotype, including markers for activation. Of note, we observed relatively high rates of HIV-specific T-cell responses, though we hypothesize that this is a result of the high-exposure population selected for our study, and importantly, this does not diminish the rigor of the PrEP versus placebo comparison. We also examined the induction of a CD4 + T-cell response. The
Step trial, using an adenovirus vector as the HIV vaccine prime, demonstrated that the presence of CD4 + memory T cells could be deleterious for the success of a preventive vaccine [31] . Based on our results, PrEP does not induce any change in CD4 + T-cell responses that have been reported elsewhere to be detrimental for HIV protection; this finding is particularly important given future vaccine efficacy trials that could recruit high-risk participants who could be offered PrEP as standard of care. A recent HIV vaccine efficacy trial (RV144) tested a vaccine that proved safe and modestly effective for HIV prevention [32] . Follow-up studies correlated the protective effect with the presence of HIV-specific, nonneutralizing antibodies [33] . This finding shed light on the possibly protective role of antibodydependent cellular cytotoxicity, which involves recognition of HIV by antibodies, followed by cytotoxic activity by a cytolytic cell expressing Fc receptors, such as NK cells. Therefore, in our study we used a modified intracellular cytokine staining assay to characterize not only the T-cell, but also the NK cell responses to HIV when exposed to autologous serum. By examining their cytokine secretion and degranulation, we quantified NK cell activation as well as HIV-specific responses in subjects receiving PrEP or placebo. Without stimulation, we did not observe any difference in the magnitude of the NK cell responses between the 2 groups, suggesting that PrEP does not alter their ex vivo cytokine-secreting capacity. Furthermore, we quantified the induction of HIV-specific activity from NK cells, likely mediated by the presence of HIV-recognizing antibodies in the serum of HESN individuals [34] . We observed the presence of HIV-specific NK cell responses in 12.6% of the analyzed samples regardless of treatment group. Importantly, we showed that PrEP did not modify the HIV-driven NK cell activity, as the frequency of the responses did not differ significantly in the 2 groups. Although we included an extensive phenotypic characterization of NK cells, we found no evidence that PrEP modifies any aspect of NK cell activity or phenotype.
Our study shows that there are no statistically significant differences in circulating HIV-specific immune responses in HESN individuals on PrEP versus placebo that are detectable with the current power of the study. However, our results do not exclude the possibility that cell-mediated immunity in genital tissue could be enhanced by PrEP. Furthermore, our study does not take into account proliferative or antibody-mediated immune response in the blood as well as at the site of viral entry. However, based on our extensive study of peripheral blood immunity, we conclude that PrEP does not affect the circulating T-cell or NK cell response to HIV and the results suggest that no synergy should be expected to provide enhanced protection from HIV acquisition through boosting immunity when PrEP is used in concert with candidate HIV vaccines. Given the lack of any enhanced cellular immune response mediated by PrEP, our study supports the hypothesis that the mechanism for PrEP efficacy is due to its antiviral action at the site of entry of the virus and emphasizes that adherence to PrEP is essential for HIV protection.
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